Introduction {#s1}
============

Drug addiction is a worldwide public health concern [@pone.0096547-UNODC1]. Abuse of prescription opioid analgesics is highly prevalent in the USA with oxycodone and hydrocodone being amongst the most commonly abused drugs in people over 12 years of age [@pone.0096547-National1]. In the USA, overdose is the leading cause of death after prison release, with prescription opioids (oxycodone and hydrocodone) being the most common substances involved [@pone.0096547-Binswanger1]. To address this problem, vaccination against drugs of abuse may offer a complementary treatment strategy to current addiction therapies.

Addiction vaccines are made by conjugating the target drug to a larger immunogenic carrier peptide or protein of bacterial, viral or other foreign origin and by the use of adjuvants to increase immunogenicity. Drugs of abuse are not immunogenic on their own due to their small size, and the larger carrier is thought to provide signaling for T cell-dependent B cell activation [@pone.0096547-Shen1]. Vaccine efficacy is limited by the ability of generating high levels of high affinity drug-specific serum antibodies that reduce drug distribution to the brain and block drug-induced behavioral effects.

Vaccine development is largely based on empirical optimization of the various elements composing the final injectable formulation. Several carrier and adjuvant options need to be considered to provide good manufacturing practice (GMP) grade and cost effective vaccines or to generate individualized vaccine formulations targeting different patient populations. Recent studies highlighted the importance of evaluating hapten design, choice of carrier, adjuvant and delivery platform to enhance the immunogenicity and efficacy of vaccines against drugs of abuse [@pone.0096547-Pryde1]--[@pone.0096547-Pravetoni2].

In a series of conjugate vaccines showing varying degrees of pre-clinical efficacy against prescription opioids [@pone.0096547-Pravetoni2], [@pone.0096547-Pravetoni3], the lead immunogen was composed of a hapten based on derivatization of oxycodone at the C6 position (6OXY) and conjugated through covalent amide bond to the native keyhole limpet hemocyanin (nKLH) carrier protein [@pone.0096547-Pravetoni2]. The nKLH, a large multi-subunit decamer (MW∼5--8 million Da), is a highly immunogenic carrier that has shown clinical safety [@pone.0096547-Musselli1]. Vaccination of mice and rats with the 6OXY-nKLH in Freund's and alum adjuvants was effective in blocking oxycodone and hydrocodone distribution to brain and behavioral effects [@pone.0096547-Pravetoni2].

Here, to provide clinically viable vaccine formulations of 6OXY-nKLH and to further improve its efficacy, we studied the effect of conjugating the 6OXY hapten to alternative carriers and the use of different adjuvants on generation of oxycodone-specific serum antibody titers, and their efficacy reducing oxycodone distribution to the brain and oxycodone-induced nociception in mice and rats. Additionally, we tested if analysis of B cell responses to vaccination may help to understand the mechanisms underlying vaccination efficacy and aid rational vaccine design. To this end, we adapted a novel enrichment method paired to multicolor flow cytometry [@pone.0096547-Pape1]--[@pone.0096547-Taylor2] to detect and analyze rare hapten-specific B cells within the whole B cell repertoire [@pone.0096547-Taylor3].

In the current study, we conjugated the 6OXY hapten to the clinically approved tetanus toxoid (TT), to a TT-derived peptide previously shown to be an effective carrier for small molecule haptens [@pone.0096547-Schellenberger1] and to a GMP grade KLH dimer (dKLH). We then tested the immunogenicity and efficacy of these conjugate immunogens using Freund's adjuvant or the clinically approved alum and monophosphoryl lipid A (MPLA) adjuvants in mice or rats using either the s.c. or i.p. route of administration. The MPLA adjuvant is a toll-like receptor 4 (TLR4) agonist that induces robust Th~1~ activation, but in the current study MPLA negatively affected the immunogenicity of 6OXY-containing immunogens. TLRs are expressed on antigen-presenting cells and B cells, and modulate adaptive immune responses against a variety of pathogens or xenobiotics [@pone.0096547-ONeill1]. Here, we explored the relevance of TLR4 signaling to vaccination with 6OXY-nKLH using TLR4-deficient mice. These data provide evidence, and potential underlying mechanisms, of how certain approved carriers and adjuvants mediate the pre-clinical efficacy of a vaccine against oxycodone.

Materials and Methods {#s2}
=====================

2.1 Drugs and reagents {#s2a}
----------------------

Oxycodone was obtained through the NIDA Drug Supply Program and Sigma (St. Louis, MO). Oxycodone doses and concentrations are expressed as the weight of the base. Alum (Alhydrogel85, Brenntag Biosector, (Frederikssund, Denmark), Freund's complete (Calbiochem, San Diego, CA) and incomplete adjuvant (Sigma-Aldrich, St. Louis, MO), and monophosphoryl lipid A (MPLA SM VacciGrade, InvivoGen, San Diego, CA) were used according to manufacturer instructions.

2.2 Synthesis of oxycodone-based 6OXY hapten {#s2b}
--------------------------------------------

The oxycodone-based hapten with a tetraglycine linker at the C6 position of the morphinan structure (6OXY) was synthesized as previously described [@pone.0096547-Pravetoni1], [@pone.0096547-Pravetoni3].

2.3 6OXY hapten conjugation to carrier proteins {#s2c}
-----------------------------------------------

For vaccination studies 6OXY was conjugated to the native keyhole limpet hemocyanin (nKLH, Thermo Fisher, Rockford, IL), to the GMP dimer KLH (dKLH, Stellar Biotechnologies, Port Hueneme, CA) or to tetanus toxoid (TT, U Mass Biologics, MA) using carbodiimide coupling as described before [@pone.0096547-Pravetoni1], [@pone.0096547-Pravetoni3]. For ELISA, 6OXY was conjugated to OVA (Sigma Aldrich). For enrichment of hapten-specific B cells paired to flow cytometry analysis, 6OXY was conjugated to Red-Phycoerytrin (PE, Prozyme, Hayward, CA).

2.4 Synthesis of TT-derived peptide and conjugation to 6OXY hapten {#s2d}
------------------------------------------------------------------

6OXY was conjugated to a TT-derived peptide with the following sequence: PDAQLVPGINGKAIHLVNNESSE, which has been successfully used as a carrier for benzopyrene haptens [@pone.0096547-Schellenberger1].

### 2.4.1 Synthesis of PDAQLVPGINGKAIHLVNNESSE-OH {#s2d1}

Peptide synthesis was carried out using an automated solid-phase peptide synthesizer (PS3, Protein Technologies Inc, Memphis, TN) employing standard Fmoc/HCTU based chemistry. Synthesis began on preloaded Fmoc-Glu(OtBu)-Wang resin (0.10 mmol) and the peptide chain was elongated using HCTU/N-methylmorpholine-catalyzed, single coupling steps with 4 eq of both protected amino acids and HTCU for 30 min. Following complete chain elongation, the peptide's N-terminus was deprotected with 10% piperidine in DMF (v/v) and the presence of the resulting free amine was confirmed by ninhydrin analysis. The resin containing the peptide was washed with CH~2~Cl~2~, dried *in vacuo* overnight, weighed, and divided into two portions for further synthesis on a reduced scale. Using 50.0 µmol of peptide, the free amino terminus was acylated with the oxycodone analog (20 mg, 50 µmol, 1eq) catalyzed by DIEA (8.6 µL, 5.0 µmol, 0.1 eq) in DMF (5 mL) for 10 h. After acylation was judged complete by ninhydrin analysis, the resin bound peptide was washed thoroughly with CH~2~Cl~2~ and dried *in vacuo* for 4 h. The peptide was cleaved from the resin along with simultaneous side chain deprotection by treatment with Reagent K containing TFA (10 mL), crystalline phenol (0.5 g), 1,2-ethanedithiol (0.25 mL), thioanisole (0.5 mL), and H~2~O (0.5 mL) for 2 h at rt. The released peptide was collected and combined with TFA washes of the resin before precipitation of the peptide in chilled Et~2~O (100 mL). The crude solid peptide was collected by centrifugation, the supernatant was removed, and the resulting pellet was washed 2 times with cold Et~2~O (50 mL) repeating the centrifugation and supernatant removal steps each time. The crude peptide was purified using a semipreparative C~18~ RP-HPLC column with detection at 220 nm and eluted with a gradient of Solvent A (H~2~0/0.1% TFA, v/v) and Solvent B (CH~3~CN/0.1% TFA, v/v). The crude peptide (150 mg) was dissolved in a DMF/H~2~O solution (1∶5 v/v, 25 mL), applied to the column equilibrated in Solvent A, and eluted using a linear gradient of (0--70% Solvent B over 1.5 h at a flow-rate of 5 mL/min). Fractions were analyzed for purity using an analytical C~18~ RP-HPLC column employing a linear gradient (0--100% Solvent B over 60 min at a flow-rate of 1 mL/min) and detected at 220 nm. Fractions containing peptide product of at least 90% purity were pooled and concentrated by lyophilization to yield 35 mg (25% yield) of a white solid. A small amount (\< 1 mg) of the resulting purified peptide was dissolved in 10 µl of 0.1% TFA/CH~3~CN and diluted 1∶50 in a mixture of CH~3~CN/H~2~O (1∶1 v/v) prior to MS analysis. MS was performed using a 50 µL injection and collecting 3000 scans. ESI-MS: calcd for C~123~H~190~N~32~O~41~ \[M+2H\]^2+^ 1386.6945, found 1386.6894.

### 2.4.2 Synthesis of OXY(Gly)~4~-PDAQLVPGINGKAIHLVNNESSE-OH {#s2d2}

Starting with 50.0 µmol of the previously described peptide on resin, the free amino terminus was acylated with the 6OXY(Gly)~4~OH analog (31 mg, 50 µmol, 1 eq) catalyzed by DIEA (8.6 µL, 5.0 µmol, 0.1 eq) in DMF (5 mL) for 10 h. After acylation was judged complete by ninhydrin analysis, the resin bound peptide was washed thoroughly with CH~2~Cl~2~ and dried *in vacuo* for 4 h. Peptide cleavage, purification, and analysis was carried out in the same fashion as described above. Synthesis resulted in 33 mg (22% yield) of a white solid. ESI-MS: calcd for C~131~H~202~N~36~O~45~ \[M+2H\]^2+^ 1500.7480, found 1500.7429.

2.5 Serum IgG antibody titers {#s2e}
-----------------------------

ELISA plates were coated with 5 ng/well of OVA conjugates, 6OXY-TT, unconjugated OVA or TT in carbonate buffer at pH 9.6 and blocked with 1% gelatin. Primary antibodies were incubated with anti-rat or anti-mouse IgG antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) to measure oxycodone-specific serum IgG antibody titers as described previously [@pone.0096547-Pravetoni2] and TT-specific serum IgG antibody titers.

2.6 Distribution studies {#s2f}
------------------------

Serum and brain oxycodone concentrations were measured by gas chromatography coupled to mass spectrometry as previously described [@pone.0096547-Pravetoni2]. The reported drug concentrations represent the total drug (protein or antibody-bound as well as free) in each sample.

2.7 Analysis of hapten-specific B cells {#s2g}
---------------------------------------

First, all cells from lymph nodes and spleens are incubated with the 6OXY hapten conjugated to the fluorescent protein PE. Then, cells of interest are isolated through anti-PE antibodies coupled to magnetic microbeads and positive selection by magnetic columns as described previously [@pone.0096547-Taylor3]. To distinguish between B cells that bind either 6OXY or PE alone, B cells are pre-incubated with a decoy reagent consisting of PE conjugated to the fluorochrome Alexa Fluor 647 (AF647) prior to incubation with 6OXY-PE. Using a flow cytometer, AF647-PE and 6OXY-PE different emissions allow separating B cells bound to both PE or 6OXY-PE from B cells bound to the 6OXY-PE conjugate alone. Hapten-specific B cells are further characterized through staining with fluorochrome-coupled antibodies specific B cell surface markers as described [@pone.0096547-Taylor3].

### 2.7.1 Lymph node and spleen tissue isolation {#s2g1}

Mesenteric and peripheral lymph nodes and spleens were collected from each mouse, mechanically dissociated, and then enzymatically disaggregated as described previously [@pone.0096547-Taylor3]. Samples were centrifuged at 1600 RPM at +4°C and resuspended to a final volume of 200 µl sorter buffer (DPBS + 2% fetal bovine serum, 0.1% sodium azide) including Fc block (2.4G2, BioXCell, West Lebanon, NH).

### 2.7.2 Enrichment and positive isolation of 6OXY-specific B cells {#s2g2}

Samples were incubated with 5nM Decoy Alexa Fluor 647 conjugated to PE (AF647-PE) at room temperature for 5 min as described [@pone.0096547-Taylor3]. Then samples were incubated with 5 nM 6OXY-PE for 25 min at +4°C. Samples were washed in ice-cold sorter buffer and resuspended to a final volume of 200 µl using sorter buffer, then mixed with 25 µl of anti-PE conjugated magnetic beads (Miltenyi Biotech, Inc, Auburn, CA) and incubated for 15 min at +4°C. The cells were resuspended in sorter buffer and passed through a magnetized LS column (Miltenyi Biotech). For each sample, bound fractions containing B cells bound to PE and 6OXY-PE were centrifuged at 1600 RPM for 5 min at +4°C and resuspended in a final volume of 100 µl of sorter buffer. From each sample, 5 µl were added to 200 µl of lymphocyte fluorescent counting beads at a concentration of 200,000 beads/ml (Accucheck, Invitrogen, Frederick, MD) to calculate numbers of hapten-specific B cells in each sample as described [@pone.0096547-Taylor3].

### 2.7.3 B cell staining {#s2g3}

Cell suspensions were incubated, for 25 minutes on ice, with fluorochrome labeled anti-mouse antibodies for the following B cell surface markers: FITC anti-GL7, PE-Cy7 anti-B220, APC anti-IgM, AF700 anti-CD38, eF450 anti-IgD; and for the following APC-eF780 labeled anti-mouse antibodies for non-B cell surface markers: anti-CD90.2, anti-CD11c, anti-Ly-6G and anti-F4/80. All antibodies were from eBioscience (San Diego, CA) with the exception of FITC anti-GL7 (BD Pharmingen). Cells were fixed in formaldehyde (Cytofix/Cytoperm, BD biosciences, San Diego, CA) for 30 minutes on ice, washed with permeabilization buffer (BD biosciences, San Diego, CA), and incubated with Pacific Orange labeled surface/ intracellular marker anti-mouse anti-Ig heavy and light chain as described [@pone.0096547-Pape1], [@pone.0096547-Taylor3]. Compensation was prepared for each individual fluorochrome-coupled antibody used in the staining mixture.

### 2.7.4 Flow cytometry {#s2g4}

Flow cytometry studies were performed on a 4-laser (355 nm, 405 nm, 488 nm, 633 nm) LSR II device (BD Biosciences) and data processed with FlowJo software (Tree Star, Ashland, OR).

### 2.7.5 Gating strategy to analyze 6OXY-specific antibody secreting B cells {#s2g5}

First, a singlet gate is applied to remove any cells that have aggregated. Next, total B cells are gated as cells that express immunoglobulin positive (Ig^+^) but not the non-B cell markers CD90.2 (T cells), Gr-1 (neutrophils), CD11.c (dendritic cells) and F4/80 (macrophages). To differentiate between B cells that bind 6OXY from PE-binding B cells, B cells were further distinguished by using AF647-PE, which fluorescences at a wavelength of 670 nm compared to the PE alone at 575 nm. Hapten-specific B cells were further identified as either Ig^high^ antibody secreting cells (ASC) or B220^high^ non-antibody secreting cells (non-ASC) as previously described [@pone.0096547-Taylor1], [@pone.0096547-Taylor3].

2.8 Animal studies {#s2h}
------------------

### Ethics statement {#s2h1}

All studies were approved by the Minneapolis Medical Foundation and the University of Minnesota Animal Care and Use Committees (protocols \#08-10 and \#12-04). All animals were euthanized by CO~2~ inhalation using IACUC approved chambers, and efforts were made to minimize suffering and discomfort.

### 2.8.1 Effect of carrier in mice {#s2h2}

Male BALB/c mice (Harlan Laboratories, Madison, WI), age 5--7 weeks at arrival, were group housed with a 12/12 hrs standard light/dark cycle and fed standard mouse chow. Mice were immunized with 25 µg of 6OXY-TT, 6OXY-TT peptide or TT (n =  5-6) on days 0, 14 and 28 administered s.c. in a final volume of 0.2 ml containing alum adjuvant as described [@pone.0096547-Pravetoni2]. A week after the last immunization, on day 35, the efficacy of vaccination in preventing oxycodone antinociception was tested on a hot plate set at 54°C to determine the % maximal possible effect (MPE %) as described before [@pone.0096547-Pravetoni2]. Immediately after reaching nociception endpoints, mice were euthanized and brains collected to measure oxycodone concentration, to test the efficacy of vaccination in preventing oxycodone distribution to the brain as described [@pone.0096547-Pravetoni2], [@pone.0096547-Taylor3]. In all studies involving the hot plate test and measurement of oxycodone brain concentration, experimenters were blind to treatment.

### 2.8.2 Effect of adjuvant and route in mice {#s2h3}

In a separate cohort, male BALB/c mice (n =  5) were immunized with 25 µg of 6OXY-nKLH on days 0, 14 and 28 administered either: s.c. in undiluted alum; s.c. in alum + 2 µg of MPLA; s.c. in 2 µg of MPLA; s.c. in 20 µg of MPLA and i.p. in 2 µg of MPLA. A week after the last immunization, on day 35, mice were euthanized to measure oxycodone-specific serum IgG antibody titers.

### 2.8.3 Effect of adjuvant in mice {#s2h4}

In a separate cohort, male BALB/c mice (n =  4) were immunized with 25 µg of 6OXY-TT on days 0, 14 and 28 administered s.c. using either undiluted alum or 2 µg of MPLA adjuvant. A week after the last immunization, prior to euthanasia by CO~2~, blood was obtained by facial vein sampling and then peripheral lymph nodes and spleens were collected by post-mortem dissection to perform B cell analysis as described previously [@pone.0096547-Taylor3].

### 2.8.4 Effect of TLR4 signaling and genotype in mice {#s2h5}

In a separate study, C57BL/6, C57BL/10ScSnJ and C57BL/10ScNJ Trl4 knockout (TLR4^-/-^) mice (The Jackson Laboratory, Bar Harbor, ME) were immunized with 25 µg of 6OXY-nKLH on days 0, 21 and 42 administered s.c. using undiluted alum adjuvant (n = 6). Serum IgG antibody titers were evaluated at 3 weeks after each vaccination through facial vein blood sampling, respectively at days 21, 42 and 63. At 5 weeks after the last vaccination, on day 77, peripheral lymph nodes and spleens were collected by post-mortem dissection to perform B cell analysis as described before [@pone.0096547-Taylor3].

### 2.8.5 Effect of adjuvant and route in rats {#s2h6}

Male Holtzman rats (Harlan Laboratories, Madison, WI), age 6--7 weeks at arrival, were housed with a 12/12 hrs standard light/dark cycle and fed standard rat chow. Rats (n = 3-5) were immunized with 25 µg of TT or 6OXY-TT on days 0, 21 and 42 administered s.c. in alum adjuvant or i.p. in Freund's adjuvant as described [@pone.0096547-Pravetoni2]. A week after the last immunization, the efficacy of vaccination in preventing oxycodone antinociception was tested on a hot plate set at 54°C to determine the % maximal possible effect (MPE %) as described before [@pone.0096547-Pravetoni2].

### 2.8.6 Effect of carrier, adjuvant and route in rats {#s2h7}

In a separate cohort, male Holtzman rats were immunized with 100 µg of 6OXY-nKLH, 6OXY-dKLH or KLH (n =  7) on days 0, 21 and 42 administered s.c. in alum adjuvant or i.p. in Freund's. In the Freund's group, Complete formulation was used for the first injection followed by boosts using Incomplete formulation as described previously [@pone.0096547-Pravetoni3]. A week after the last immunization, we measured the efficacy of vaccination in preventing oxycodone antinociception, and immediately after reaching nociception endpoints, rats were euthanized to measure oxycodone serum and brain concentration as described before [@pone.0096547-Pravetoni2].

2.9 Statistical analysis {#s2i}
------------------------

In all studies, unless specified, the mean oxycodone MPE%, oxycodone brain concentration and oxycodone-specific serum antibody titers were compared by one-way ANOVA followed by Bonferroni post hoc test across multiple groups or by Dunnett post hoc test when comparing to unconjugated protein carrier control. When a specific experiment involved only two groups, means were analyzed by unpaired T test. In the TLR4^-/-^ mouse experiment, a two-way (genotype x time) repeated measure ANOVA followed by Bonferroni post hoc test was used to compare mean oxycodone-specific serum antibody titers across mouse strains at 3, 6 and 9 weeks. In B cell studies, the mean numbers of 6OXY-specific B cells were compared by unpaired T test between groups, while the relationship between B cells and serum antibody titers was analyzed by linear regression. All analyses were performed with GraphPad Prism (version 5.0).

Results {#s3}
=======

3.1 Pre-clinical efficacy of the 6OXY-TT and 6OXY-TT derived peptide immunogens in mice {#s3a}
---------------------------------------------------------------------------------------

To test if the 6OXY hapten conjugated to the whole TT protein or to a TT-derived peptide ([Figure 1](#pone-0096547-g001){ref-type="fig"}) was as effective as the lead 6OXY-nKLH immunogen in preventing oxycodone brain distribution and antinociception, we tested the effect of vaccination on the distribution of a 2.25 mg/kg s.c. dose of oxycodone and its effect on antinociception as previously described [@pone.0096547-Pravetoni2]. The 6OXY-TT significantly decreased oxycodone antinociception and brain distribution compared to control mice immunized with the unconjugated TT carrier protein ([Figure 2](#pone-0096547-g002){ref-type="fig"}). The magnitude of effect in reducing oxycodone distribution and antinociception was comparable to 6OXY-nKLH [@pone.0096547-Pravetoni2], while the 6OXY-TT derived peptide was not effective in blocking oxycodone antinociception ([Figure 2](#pone-0096547-g002){ref-type="fig"}). Indeed, 6OXY-TT elicited oxycodone-specific serum IgG antibody titers of 71,450±12,800 (mean±SEM, n =  5) in contrast to no detectable (\<200) titers in mice immunized with 6OXY-TT derived peptide (n =  6).

![Drug and immunogen structures.\
Oxycodone and hydrocodone free drugs, and representation of hapten conjugated to carriers. The lead 6OXY hapten was conjugated to native KLH decamer (nKLH), GMP grade KLH dimer (dKLH), tetanus toxoid (TT) and a TT-derived peptide.](pone.0096547.g001){#pone-0096547-g001}

![The ability of vaccination with different carrier-containing immunogens in preventing oxycodone nociception and its distribution to the brain in BALB/c mice.\
A) Oxycodone antinociception in mice immunized with either 6OXY-TT, 6OXY-TT peptide or unconjugated TT. The % maximal possible effect (MPE%) is calculated as (post-drug -- baseline)/ (maximal cutoff-baseline) \* 100; and B) Oxycodone distribution to the brain in the same mice as in previous panel. In both panels, percent (%) decrease compared to TT control is shown on top of each group. Statistical symbols: \* p\< 0.05 compared to TT control.](pone.0096547.g002){#pone-0096547-g002}

3.2 Pre-clinical efficacy of 6OXY-TT in rats {#s3b}
--------------------------------------------

To confirm that 6OXY-TT administered s.c. absorbed in alum adjuvant was the most promising combination of carrier and adjuvant, we compared this formulation to the standard Freund's adjuvant using the i.p. route of administration in rats. Immunization with 6OXY-TT was equally effective in generating oxycodone-specific serum IgG antibody titers that prevented oxycodone-induced nociception whether administered s.c. in alum or i.p. in Freund's adjuvant ([Figure 3](#pone-0096547-g003){ref-type="fig"}).

![Evaluation of 6OXY-TT in rats.\
A) oxycodone-specific serum antibody titers in rats immunized with 6OXY-TT using alum s.c. or Freund's i.p.; and B) their ability in preventing oxycodone-induced antinociception, shown as % decrease compared to TT control group. Statistical symbols: \* p\< 0.05 compared to TT control.](pone.0096547.g003){#pone-0096547-g003}

3.3 Pre-clinical efficacy of 6OXY-dKLH in rats {#s3c}
----------------------------------------------

Next we tested if conjugation of 6OXY to the GMP KLH dimer (∼1,600 kDa) was as effective as to the previously characterized native KLH decamer (∼5--8 million Da). This study was important because it has been shown that different KLH forms or formulation may affect T cell-dependent generation of serum antibody responses [@pone.0096547-Lebrec1]. Here, we found that 6OXY-nKLH and 6OXY-dKLH elicited equivalent serum antibody titer responses, blockage of oxycodone behavioral effects and effects on oxycodone distribution if administered using the same route and adjuvant ([Figure 4](#pone-0096547-g004){ref-type="fig"}). Instead, using both immunogens, Freund's i.p. was more effective than alum s.c. in inducing functionally-relevant antibody ([Figure 4](#pone-0096547-g004){ref-type="fig"}). We suggest that use of KLH forms should be carefully evaluated along with different adjuvants to optimize serum antibody responses.

![Evaluation of GMP grade dKLH in rats.\
A) oxycodone-specific serum antibody titers in rats immunized with 6OXY-nKLH or 6OXY-dKLH using alum s.c. or Freund's i.p.; B) their ability in preventing oxycodone-induced antinociception; C) their effect on oxycodone serum concentration; and D) vaccination effect in preventing brain distribution. Percent (%) decrease compared to nKLH control is shown on top of each group. Statistical symbols: \* p\< 0.05, \*\*p\< 0.01 and \*\*\* p\< 0.001 compared to KLH control. Brackets to indicate between groups differences.](pone.0096547.g004){#pone-0096547-g004}

3.4 Pre-clinical efficacy of MPLA, alone or in combination with alum, on the immunogenicity of 6OXY-nKLH in mice {#s3d}
----------------------------------------------------------------------------------------------------------------

Next, we evaluated the effect of the recently approved TLR4 agonist monophosphoryl lipid A (MPLA) adjuvant, alone or in combination with alum, on the immunogenicity of 6OXY-nKLH in mice. We choose mice to provide a cost-effective screening of adjuvant formulations. MPLA elicited lower adjuvant effects on 6OXY-nKLH immunogenicity when administered by the s.c. or i.p routes compared to vaccination using alum s.c. ([Figure 5](#pone-0096547-g005){ref-type="fig"}). Combining MPLA with alum showed a slightly lower response, albeit not significant, relative to alum alone ([Figure 5](#pone-0096547-g005){ref-type="fig"}).

![MPLA decreases immunogenicity of 6OXY-nKLH vaccine.\
Oxycodone-specific serum antibody titers in BALB/c mice immunized with alum adjuvant alone, MPLA alone or in combination with alum. Statistical symbols: \*\*\* p\< 0.001 compared to 6OXY-nKLH in alum s.c. as control.](pone.0096547.g005){#pone-0096547-g005}

3.5 Pre-clinical efficacy of MPLA on the immunogenicity of 6OXY-TT in mice {#s3e}
--------------------------------------------------------------------------

In a separate cohort of mice, we compared the effect of MPLA to alum adjuvant on the immunogenicity of 6OXY-TT to test if MPLA effects were specific to the nKLH carrier or generalized to other carrier proteins. 6OXY-TT elicited higher oxycodone-specific IgG titers using alum adjuvant than when using MPLA ([Figure 6](#pone-0096547-g006){ref-type="fig"}, panel A). Similarly, in mice immunized with 6OXY-TT, alum showed a trend of eliciting higher TT-specific serum IgG titers compared to MPLA ([Figure 6](#pone-0096547-g006){ref-type="fig"}, panel B). Also, the MPLA adjuvant elicited lower 6OXY-specific Ig^high^ antibody-secreting B cells compared to alum in mice vaccinated with 6OXY-TT ([Figure 6](#pone-0096547-g006){ref-type="fig"}, panel B) and the relationship between oxycodone-specific serum IgG antibody titers and 6OXY-specific Ig^high^ B cells was significant (p\< 0.05, [Figure 6](#pone-0096547-g006){ref-type="fig"}, panel C). This experiment provided proof-of-concept that detecting hapten-specific B cells in immunized mice correlates with other *in vivo* measures of vaccine efficacy and that analysis of B cells may confirm vaccine success and failure and may help rational vaccine design.

![MPLA decreases immunogenicity of 6OXY-TT vaccine.\
A) Oxycodone-specific and TT-specific serum IgG antibody titers in mice vaccinated s.c. with 6OXY-TT in alum or MPLA adjuvants; B) Number of 6OXY-specific antibody secreting B cells (ASC) in mice immunized s.c. with 6OXY-TT using alum or MPLA; and C) Relationship between oxycodone-specific IgG titers and 6OXY-specific antibody secreting B cells including all subjects immunized with 6OXY-TT. Statistical symbols: \* p\< 0.05 and \*\*p\< 0.01 between groups.](pone.0096547.g006){#pone-0096547-g006}

3.6 Immunogenicity of 6OXY-KLH in TLR4-deficient mice {#s3f}
-----------------------------------------------------

In the previous experiment the TLR4 agonist MPLA induced lower oxycodone-specific serum antibody responses to 6OXY-nKLH and 6OXY-TT compared to alum adjuvant. These data suggest that MPLA activation of Th~1~ responses, or alternatively TLR4 signaling, may negatively affect the immunogenicity of oxycodone conjugate vaccines. To test this alternative hypothesis we evaluated the immunogenicity of 6OXY-nKLH in alum in C57Bl/10ScNJ TRL4^-/-^ mice versus C57Bl/6J and C57Bl/10ScSnJ wild-type (wt) controls. Two-way (genotype x time) repeated measures ANOVA showed a significant effect of genotype (F~(2,32)~ = 4.21; p\< 0.05) and time (F~(2,32)~ = 15.41; p\< 0.001) on oxycodone-specific serum antibody titers. At 6 and 9 weeks after the first immunization, on day 42 and 63, TLR4^-/-^ mice showed lower oxycodone-specific titers than their C57Bl/10ScSnJ wt controls ([Figure 7](#pone-0096547-g007){ref-type="fig"}, panel A). Five weeks after the last immunization, on day 77, TLR4^-/-^ mice showed significantly less 6OXY-specific Ig^+^ antibody-secreting B cells than C57Bl/10ScSnJ wt controls ([Figure 7](#pone-0096547-g007){ref-type="fig"}, panel B).

![Evaluation of 6OXY-nKLH in different mouse strains.\
The immunogenicity of 6OXY-nKLH in C57Bl/10ScNJ TRL4^-/-^ mice was reduced versus C57Bl/10ScSnJ wt controls. A) Oxycodone-specific serum IgG antibody titers in mice vaccinated s.c. with 6OXY-nKLH in alum adjuvant; and B) Number of 6OXY-specific antibody secreting B cells in C57Bl/10ScNJ TRL4^-/-^ and C57Bl/10ScSnJ wt mice immunized s.c. with 6OXY-nKLH in alum. Statistical symbols: \* p\< 0.05 and \*\*p\< 0.01 compared to C57Bl/10ScSnJ wt control mice.](pone.0096547.g007){#pone-0096547-g007}
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This study explored the pre-clinical efficacy of an oxycodone vaccine using clinically approved carriers and adjuvants to provide a formulation suitable for human use. Testing the role of hapten, carrier and adjuvant is important to achieve optimal generation of drug-specific serum antibodies. Recent high-throughput studies of nicotine vaccines showed how critical it is to screen for both quantity and quality of the immune response against drugs of abuse to select a vaccine candidate [@pone.0096547-Pryde1], [@pone.0096547-McCluskie1].

In our current study, we found that 6OXY-TT and 6OXY-dKLH were as effective as the previously characterized 6OXY-nKLH, while the 6OXY hapten conjugated to a TT-derived peptide was not effective in preventing oxycodone-induced antinociception. Use of 6OXY-TT s.c. absorbed on alum adjuvant provided similar protection to 6OXY-TT administered i.p. with Freund's adjuvant in rats. The TLR4 agonist MPLA induced lower oxycodone-specific serum antibodies in mice vaccinated with 6OXY-nKLH relative to alum adjuvant. Similarly, in mice immunized s.c. with 6OXY-TT in MPLA, oxycodone- and TT-specific serum antibodies were diminished compared to 6OXY-TT in alum. MPLA also induced lower numbers of 6OXY-specific antibody-secreting B cells in mice immunized with 6OXY-TT relatively to alum. The TLR4 agonist MPLA adjuvant, known to induce strong Th~1~ responses, was not as effective as alum suggesting that responses to 6OXY-nKLH and 6OXY-TT may depend on Th~2~ activation. Also, the immunogenicity of 6OXY-nKLH was decreased in TLR4-deficient mice, suggesting that responses to 6OXY-nKLH and 6OXY-TT may require intact TLR4 signaling. These data provided evidence, and potential underlying mechanisms, of how clinically approved carriers and adjuvants mediate the pre-clinical efficacy of an oxycodone vaccine.

Vaccination with the lead 6OXY hapten conjugated to TT elicited equivalent responses to the previously characterized immunogen containing nKLH, and prevented oxycodone distribution to brain and its antinociceptive effects in mice and rats. TT has been successfully used as a carrier for heroin conjugate vaccines [@pone.0096547-Anton1], [@pone.0096547-Matyas2] and this study extended its use to vaccines against prescription opioids. Similarly, an immunogen containing the GMP grade dimer KLH provided equivalent immunogenicity and efficacy as the previously characterized immunogen containing the multi-subunit native KLH. Selection of appropriate carrier is critical to facilitate translation of lead immunogens and to match GMP requirements. KLH-containing immunogens generated higher titers than TT-containing immunogens in both mice and rats. This apparent discrepancy may simply reflect ELISA detection using OVA-containing immunogens. In fact, functional evaluation of these immunogens showed that nKLH, dKLH and TT provided equivalent efficacy against oxycodone distribution to brain or its behavioral effects, suggesting that the 6OXY hapten is well suited for flexible immunogen designs and it can be attached to different carrier proteins.

KLH and TT have been extensively characterized in animal and human studies or clinical practice. KLH has been successfully used as a carrier in clinical trials of conjugate vaccines against carbohydrates expressed on the surface of metastatic breast and prostate cancers [@pone.0096547-Musselli1], [@pone.0096547-Astronomo1]--[@pone.0096547-Gilewski1]. TT is commonly used in various conjugate vaccines or multivalent immunization strategies such as vaccination against diphtheria, tetanus, and acellular pertussis (DPaT). TT may be a valuable carrier for drug haptens since it has been shown that previous exposure to TT did not interfere with hapten-specific serum antibody responses to a subsequent immunization with a benzopyrene-based hapten conjugated to TT [@pone.0096547-Schellenberger1]. Other carrier proteins have been safely used in clinical evaluation of addiction vaccines including recombinant cholera toxin B subunit [@pone.0096547-Martell1], [@pone.0096547-Kosten1], *Pseudomonas Aeruginosa* recombinant exoprotein A [@pone.0096547-Hatsukami1], [@pone.0096547-Hatsukami2], and virus-like particles [@pone.0096547-Cornuz1], [@pone.0096547-Maurer1].

In contrast to whole proteins, a TT-derived peptide did not provide an effective carrier for the oxycodone-based hapten. This finding was surprising because the same TT-derived peptide was shown to be an effective carrier for a benzopyrene hapten [@pone.0096547-Schellenberger1]. Peptides have been previously shown to be suitable carriers for nicotine haptens [@pone.0096547-Sanderson1]. These data suggest that peptide carriers should be evaluated for each hapten, since their efficacy may vary greatly according to host strain and genetic background. Peptide carriers may be more effective when combined with functionalized nanocarriers, liposomes or lipid-based adjuvants [@pone.0096547-Matyas2]. Specifically, synthetic peptides may provide GMP grade components for more complex delivery platforms.

The recently clinically approved MPLA adjuvant did not elicit higher serum IgG antibody titers than alum. Using either the 6OXY-nKLH or the 6OXY-TT immunogens, we found that MPLA alone or in combination with alum was negatively associated with oxycodone-specific serum antibody titers. This finding is in contrast to a recent study, where MPLA improved the immunogenicity of a TT-containing heroin vaccine [@pone.0096547-Matyas2]. The effect of adjuvants on the immunogenicity of each conjugate vaccine may differ for various reasons. Adjuvants may have species- and strain-dependent efficacy and also different effects on vaccines containing haptens of different design. For instance, different adjuvants may induce activation of Th~1~ or Th~2~ responses, which may provide vaccine-specific effects on generation of optimal serum antibody levels against drugs of abuse. In this study, MPLA, known to induce Th~1~ activation, was no more effective than alum, a Th~2~ adjuvant, in inducing serum antibody responses to 6OXY-nKLH and 6OXY-TT. Also, in mice immunized with 6OXY-TT, MPLA was less effective in inducing hapten-specific antibody secreting B cells compared to alum adjuvant. Similarly, the Th~1~ adjuvant CpG mixed with alum was not as effective as alum alone at eliciting serum antibody titers in mice vaccinated with a heroin conjugate vaccine [@pone.0096547-Bremer1]. In contrast, the CpG adjuvant added to alum increased the immunogenicity of a nicotine conjugate vaccine compared to alum alone in mice and non-human primates [@pone.0096547-McCluskie1]. Multiple adjuvant formulations are available and it is often difficult to compare efficacy across studies or species. In our study, the 6OXY-nKLH, 6OXY-dKLH and 6OXY-TT administered in alum adjuvant, were equally effective in Holtzman rats, and BALB/c, C57Bl/6 and C57Bl/10ScSnJ mice. We acknowledge that pre-clinical efficacy in mice and rats may not necessarily reflect vaccine efficacy in humans. However, these data suggested that alum is an effective and safe first choice adjuvant to test oxycodone conjugate vaccines in humans because results are consistent across species and strains.

The generation of drug-specific serum antibody is the result of T cell-dependent B cell activation, which may be affected by hapten design, carrier and adjuvant. Recently, we have shown that an increased number of hapten-specific naïve and early activated B cells, before and shortly after immunization with oxycodone conjugate vaccines, is associated with increased immunogenicity and vaccine efficacy against oxycodone [@pone.0096547-Taylor3]. In the current study, in mice vaccinated with 6OXY-TT, the oxycodone-specific serum IgG antibody titers correlated with the numbers of 6OXY-specific antibody-secreting B cells. The significant relationship between oxycodone-specific serum IgG antibody titers and the number of 6OXY-specific antibody secreting B cells suggested that the number of hapten-specific activated B cells may be used to study the individual variability observed in immunized subjects, and may be a useful endpoint for optimization of vaccine design.

To further evaluate the role of B cell activation, and to gain mechanistic insight in the observed low efficacy of the TLR4 agonist MPLA adjuvant, we investigated the immunogenicity of 6OXY-nKLH in TLR4-deficient mice. Immunization of TLR4-deficient mice with an oxycodone vaccine elicited significantly lower serum antibody titers and antibody secreting B cells compared to wild-type control mice. This preliminary observation suggested that an intact TLR4 signaling pathway may be required for T cell-dependent B cell activation in response to vaccination with 6OXY-nKLH and 6OXY-TT. Recent evidence shows that TLR4 binds opioids [@pone.0096547-Wang1]. A possible interpretation of our findings is that TLR4 may also modulate B cell responses to drug of abuse haptens, which are structurally-similar to the target drug. Based upon this hypothesis, MPLA binding to TLR4 may affect, or interfere with, recognition of 6OXY-nKLH. An alternative explanation is that TLR4 mediates responses to nKLH or TT that may contain, or act like, endotoxins. As a cautionary note in regards to interpretation of studies involving constitutional knockout mice, the effect of gene deletion on phenotypes may be affected by compensatory mechanisms or by the genetic background of the parent strain [@pone.0096547-Picciotto1].

It has been shown that TLR4 gene polymorphisms or TLR4 expression on B cells predict immune responses to TLR4 agonists and vaccines in mice and humans [@pone.0096547-GrondahlYliHannuksela1]--[@pone.0096547-Yamakawa1]. Currently, there are no pre-vaccination markers predictive of efficacy of vaccines against drugs of abuse. Based upon our findings, we suggest that subjects with certain mutations in the TLR4, or expressing lower levels of TLR4 on B cells might be less likely to respond to an oxycodone conjugate vaccine.

Conclusions {#s5}
===========

Overall, our findings and available literature suggest that vaccines should be carefully evaluated using suitable carriers in multiple adjuvant formulations to provide reliable efficacy. Such studies would provide important information on individualized immunotherapy targeting specific patient populations. Our data showed that analysis of hapten-specific B cells may be used to investigate the mechanisms underlying antibody response to drug addiction vaccines, and this approach may be useful to study the efficacy of different carrier proteins, adjuvant or to help determine the most successful immunization strategy.
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